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that are specific to the tension and
occupancy branches of the
checkpoint. In an earlier publication,
the Hardwick group demonstrated that
phosphorylation of Mad3 protein by
one of the Aurora kinases is specifically
required for the tension checkpoint
[19]. Elegant data from these
experiments genetically separates
the two checkpoint pathways and
is the strongest evidence that
independent tension and occupancy
pathways exist.
Aurora kinases localize to inner
centromeres and PP1 localizes to the
kinetochores. Many Aurora B
substrates are on kinetochores and
how Aurora B phosphorylates
substrates at a distance is unclear.
Current models for tension signaling
suggest that the pulling forces of
microtubules physically separate
kinetochores from inner centromere
signals and thus squelch low tension
signals. The demonstration that the
checkpoint can only be silenced by the
Dis2 PPI phosphatase, which localizes
to the kinetochore, but not SDS2, which
does not, is consistent with this model.
In fact, kinetochore localization of Dis2
may indicate that transient localization
of the checkpoint proteins to
kinetochores is required to
silence the checkpoint.
Thedemonstration thatphosphatases
are required to silence the checkpoint
highlights the importance of
phosphorylation to generate the signal
and it is only a first clue as to how it is
turnedoff. There aremanyquestions still
to address before we understand how
kinetochores use PP1 to connect the
binding of microtubules, and the
resulting tension from bipolar pulling
forces, to the silencing of the SAC
signal.
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R553Innate Immunity: Wounds Burst H2O2
Signals to Leukocytes
How leukocytes are attracted to wounds is poorly understood. Recent work
using zebrafish reveals a novel mechanism of early leukocyte recruitment to
wounds through a concentration gradient of hydrogen peroxide.Sa Kan Yoo1
and Anna Huttenlocher2,*
Hydrogen peroxide (H2O2), an
antiseptic, is a typical over-the-counter
topical medicine used for minor
wounds. In a new study using
zebrafish, Niethammer et al. [1] suggest
that hydrogen peroxide, in addition tokilling microbes, may also provide
a key signal for leukocyte recruitment
to wounds. Tissue wounding induces
the rapid recruitment of leukocytes,
including neutrophils and
macrophages, that function to limit
infection by the release of reactive
oxygen species, including H2O2 [2].
Despite the fundamental importanceof this recruitment, our understanding
of the mechanisms that recruit
leukocytes to wounds has remained
fairly limited. The prevailing view is
that leukocytes are attracted to
wounds by the release of ‘danger
signals’, including ATP, uric acid, lipids,
DNA and nuclear proteins [3,4]. But, to
date, the key factors that mediate early
leukocyte recruitment have not been
identified. Niethammer et al. [1] now
report a surprising finding: tissue
wounding induces a rapid
concentration gradient of H2O2 that
provides an essential first step in
leukocyte recruitment to injured tissue.
The primary source of reactive
oxygen species, including H2O2, in
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Figure 1. Two types of oxidative burst.
(A) Leukocytes come to the wound, become activated and secrete reactive oxygen species,
including H2O2. (B) Wounded epithelial cells release H2O2 and generate a tissue-scale gradient
of H2O2, which guides leukocytes to the wound.tissues has been thought to be the
respiratory burst activity of leukocytes.
Release of reactive oxygen species
from leukocytes is important for killing
microbes but can also cause tissue
damage at high concentrations and
contribute to the development of
chronic inflammation [2]. In addition
to its potential damaging role,
however, H2O2 has long been identified
as a physiological signaling molecule.
For example, in plant systems H2O2
release is one of the earliest responses
to infection and it helps to activate
host immune responses against
pathogens, and contribute to plant
morphogenesis and cell wall
lignification [5,6]. Animal cells also use
H2O2 as a second messenger to
regulate transcription, proliferation or
enzyme activity [7]. Exogenous
addition of H2O2 activates leukocytes
but the physiological effect of H2O2
on leukocyte function remains
elusive [8,9].
In the new work, Niethammer and
colleagues [1] elegantly visualize
epithelial oxidative burst by
performing live imaging of H2O2
dynamics in zebrafish, an emerging
vertebrate model system for the study
of immune responses [10]. Neutrophils
and macrophages are recruited to
injured tissue of zebrafish embryos
within 1 hour after wounding [11]. The
authors report the surprising finding
that the epidermal oxidative burst
occurs before the arrival of the first
leukocytes, the cells that were thought
to be the main source of wound-
associated H2O2. Using a recently
developed, genetically encoded H2O2
sensor — HyPer [12] — Niethammer
et al. [1] provide convincing evidence
that a tissue-scale gradient of H2O2
was generated at the wound margin
of the tail fin without the help ofleukocytes. Furthermore, they
identified Duox, an NADPH oxidase [7],
as a critical factor responsible for the
H2O2 burst by epithelial cells. Perhaps
even more surprisingly, genetic and
pharmacological approaches revealed
that inhibition of H2O2 production was
sufficient to impair early leukocyte
recruitment to the wound. When Duox
was inhibited, directionality of
leukocyte migration towards the
wound, rather than motility itself, was
impaired, suggesting that the H2O2
burst by epithelial cells helps to guide
leukocytes to wounds. This scheme is
totally different from the common view
that leukocytes arriving at wounds
generate H2O2 by the respiratory burst
(Figure 1). The authors hypothesize that
H2O2 generation by epithelial tissues
performs two essential functions: initial
killing of bacteria and subsequent
recruitment of leukocytes to amplify
the immune response and mediate
host defense.
These findings represent a paradigm
shift and raise interesting questions
regarding the innate immune response.
First, how is hydrogen peroxide
generated at the wound margin and,
specifically, what triggers activation
of Duox? How is a tissue-scale gradient
of H2O2 created? It is possible that
the gradient of H2O2 is formed by its
diffusion or breakdown from the wound
margin, or alternatively, a gradient of
other signals is formed that affects
H2O2 levels. To answer these
questions, we need to understand
the mechanisms that regulate
concentrations of H2O2 in tissues.
For example, the lipid composition
of the plasma membrane is known
to affect diffusion of H2O2 [13];
however, our understanding of the
behavior of H2O2 in tissues is not
well defined.A fundamental unanswered question
is how H2O2 guides leukocytes to
wounds over hundreds of microns.
H2O2 is known to directly attract
neutrophils in vitro [8], but it is not clear
how the H2O2 burst attracts leukocytes
to damaged tissues. It will be important
to explore whether H2O2 directly
attracts leukocytes to the wounds or
activates other factors that function
as chemoattractants. It is also possible
that high concentrations of H2O2 at
the wounds affect cytoskeletal
organization of neutrophils and
regulate either the pausing and
rounding of neutrophils at the wound,
or the reverse migration of leukocytes
back to the vasculature [11,14].
Considering the critical impact of H2O2
on cytoskeletal components, such as
cofilin [15] or actin itself [16], it will be
interesting to explore the effects of
H2O2 on the leukocyte cytoskeleton
at the margin of wounds.
The recent report raises the puzzling
question about the generation of H2O2
by leukocytes at wounds. These
findings reveal that concentrations of
wound H2O2 fall after the arrival of
leukocytes, suggesting that leukocytes
are not generating high concentrations
of H2O2 at zebrafish wounds. It is
possible that epidermal cells only
contribute to the initial H2O2 burst and
that leukocytes sustain the H2O2 signal
at wounds. This could explain the
gradual decrease of H2O2 signals at
the wound after leukocytes arrive. An
intriguing alternative possibility is that
leukocyte myeloperoxidase converts
H2O2 to more powerful antiseptics like
hypochlorous acid, thereby depleting
localized H2O2. As proposed previously
[9,17], H2O2 might be more important
as a factor to activate and recruit
leukocytes rather than as a device
to kill bacteria.
A challenge for future investigation
will be to determine the contribution
of Duox and H2O2 gradients to wound
healing in mammalian tissues. The
zebrafish innate immune system bears
many similarities to that of mammals
[10], and, therefore, the findings are
likely to be relevant to human wound
responses. Interestingly, Duox is highly
expressed in the internal organs of
mammals, including the thyroid, lung,
intestine and pancreas [7]. One could
speculate that the leukocyte
recruitment mediated by the epithelial
oxidative burst might be involved in
inflammatory diseases, such as
thyroiditis, inflammatory bowel
Dispatch
R555disease and asthma. Interestingly, in
the fly, infection induces an epithelial
oxidative burst in the gut, for which
Duox is responsible [18]. Thus, it is
possible that the H2O2 burst is
a general primary response, not only
to wounding but also to various
stressors, including infection and
heat, which induce inflammatory
feedback of leukocytes.
Further studies of H2O2 gradients
and leukocyte responses in acute and
chronic inflammation using diverse
systems, including zebrafish and mice,
will hopefully continue to provide
new insights into innate immunity.
The work of Niethammer and
colleagues [1], along with other recent
reports [7,18], suggests that innate
immune responses are not restricted
to blood cells in vertebrates and that
H2O2 plays many other roles than just
bleaching our wounds.
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The micronucleus is thus akin to the
germline with the macronucleus
being the soma.
The parental macronucleus in each
daughter cell breaks down after mating
to be replaced by a new macronucleus
derived from the micronucleus. This is
a remarkable process which involves
DNA amplification, elimination of most
of the micronuclear genome, and
rearrangement of remaining sequences
to form functional genes. These events
have been seen in all ciliates that
have been studied so far, but are
most extreme in species of the class
Hypotrichea, such as Oxytricha trifallax
and Euplotes crassus, where 95%
of the micronuclear DNA is lost
and the macronuclear genome
comprises thousands of polytenized
nano-chromosomes containing
a single gene and amplified
about 1000-fold [2].
The DNA that is removed in this
process is not just that which lies
between the genes in micronuclear
chromosomes: the genes themselves
are fragmented by DNA insertions that
